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Coal-bearing sediments are major reservoirs of organic matter potentially available
for methanogenic subsurface microbial communities. In this study the specific
microbial community inside lignite-bearing sedimentary basin in Germany and its
contribution to methanogenic hydrocarbon degradation processes was investigated.
The stable isotope signature of methane measured in groundwater and coal-rich
sediment samples indicated methanogenic activity. Analysis of 16S rRNA gene
sequences showed the presence of methanogenic Archaea, predominantly belonging
to the orders Methanosarcinales and Methanomicrobiales, capable of acetoclastic
or hydrogenotrophic methanogenesis. Furthermore, we identified fermenting, sulfate-,
nitrate-, and metal-reducing, or acetogenic Bacteria clustering within the phyla
Proteobacteria, complemented by members of the classes Actinobacteria, an
Clostridia. The indigenous microbial communities found in the groundwater as well as
in the coal-rich sediments are able to degrade coal-derived organic components and to
produce methane as the final product. Lignite-bearing sediments may be an important
nutrient and energy source influencing larger compartments via groundwater transport.
d
Keywords: methanogenesis, Cenozoic sediments, fluvial deposits, stable isotope fractionation, methanogenic
hydrocarbon degradation, methanogenic archaea, coal
Introduction
The occurrence of methane in coal-bearing sedimentary basins has traditionally been
linked to high maturity coals with thermogenic gas potential (Stra˛poc´ et al., 2011). However,
recent geochemical studies have frequently detected natural occurrence of biogenic methane,
identiﬁed by its carbon and hydrogen isotopic signatures (Whiticar et al., 1986), in groundwa-
ter and pore water from lower maturity coal systems, like those in the Powder River Basin
(Stra˛poc´ et al., 2011 and the references therein). Biogenic methane can be generated from
coal material under anoxic conditions (Krüger et al., 2008; Beckmann et al., 2011a; Guo et al.,
2012). Coal is extremely rich in complex organic matter and therefore a very attractive car-
bon source for microbial biodegradation (Fakoussa and Hofrichter, 1999) and, eventually, for
methanogenesis. Lignite coal is soft brown sediment with high water content and a rela-
tively low heating value. These characteristics place it somewhere between peat and sub-
bituminous coal. Because of the high organic matter concentrations, coal-derived sediments are
potential important microbial sources of energy (Fry et al., 2009). The biodegradation of coal
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components is primarily performed by bacterial fermentation of
polymers and monomers to fatty acids, organic acids, alcohols
and/or hydrogen and carbon dioxide. These products can then
be used by methanogens. Thus, the successful conversion of coal
to methane depends on the syntrophic interaction of both micro-
bial groups: fermenting bacteria and methanogenic Archaea (For
a review see Stra˛poc´ et al., 2011).
Based on laboratory methanogenesis stimulation studies
and the analysis of archaeal communities (where mem-
bers of Methanosarcinales, belonging to Methanosarcina and
Methanosaeta, were abundant), Krüger et al. (2008) reported a
predominance of acetoclastic methanogenesis in hard coal and
timber in abandoned mines. These results were later conﬁrmed
by Stable Isotope Probing (Beckmann et al., 2011b). In a sub-
sequent study, Beckmann et al. (2011a) described the bacterial
community present in those mines, dominated by potential fer-
menters and acetogens.
Other studies conducted in the Gippsland Basin
(Midgley et al., 2010), the Illinois Basin (Stra˛poc´ et al.,
2008), Northern Japan (Shimizu et al., 2007) and Western
Canada (Penner et al., 2010), reported the presence not
only of Methanosarcina and Methanosaeta, but also of
several other methanogenic archaeal genera including
Methanolobus, Methanobacterium, Methanocorpusculum,
Methanococcus, Methanoculleus, and Methanoregula in
formation water samples and sediment cores. Dominant
bacterial species included the phyla Firmicutes, Spirochaetes,
Bacteroidetes and members of all subgroups of Proteobacteria
(Stra˛poc´ et al., 2011). Detmers et al. (2001) showed the pres-
ence of an anaerobic food chain in groundwater from a
pristine aquifer with lignite layers, consisting of active fer-
menting Betaproteobacteria and sulfate-reducing bacteria
(Desulfotomaculum spp.) at the interface between aquifer and
lignite seam.
Nevertheless, to date, little is known about the biodegrada-
tion processes of coal leading to methane production in lig-
niteous coal-rich sediments and coal-associated aquifers, the
diversity of the microbial communities involved, and the inﬂu-
ence of geochemical parameters. Because of this, the aim of this
work was (1) to study the importance of coal-derived organic
substrates for methanogenic microbial communities present in
sediment and formation water samples, (2) to investigate micro-
bial syntrophic interactions and degradation pathways and (3)
the microorganisms involved in the biodegradation. This should
contribute to a better understanding of metabolic processes
in coal-associated habitats leading to biogenic gas generation.
For this purpose, we sampled groundwater and coal-rich sed-
iments from a coal-associated sedimentary basin, where iso-
topic signatures of methane (δ13C-CH4 and δD-CH4) indicated
the occurrence of biogenic methane. Geochemical investigations
were combined with microbiological and molecular biological
approaches leading to the identiﬁcation and characterization of
the bacterial and archaeal community composition in coal-rich
sediment and groundwater samples as well as methanogenic
enrichment cultures with hydrocarbons as sole carbon source.
Integrating these methods we were able to show a close inter-
action between organic substrates and microbial populations in
coal-rich sediments with the groundwater aquifer system.
Materials and Methods
Sampling and Sample Preparation
Groundwater samples and samples of coal-bearing sediments
were collected in February 2009. Groundwater samples were
taken from 10 diﬀerent continuously running wells from the
groundwater management system in the proximity of an open-
cast lignite coal mine. They were collected in sterile bottles
previously ﬂushed with N2. Bottles were completely ﬁlled with
water and caped with butyl rubber stoppers to prevent fur-
ther O2 exposure. All samples were transported and stored cool
(4◦C) and processed 1 day after sampling. The main geochemi-
cal properties for each one are given in Table 1. All groundwater
samples showed pH-values of ∼7, the salinity ranged between
5 and 9%. The locally measured water temperature was ∼29◦C,
only in well site 3 a water temperature of 15◦C was detected,
the air temperature ∼0◦C. Four groundwater samples (from
wells 2, 4, 5, 10) smelled sulfurous, the other were odorless.
For the investigation of the water chemistry, the ﬂuids were
immediately ﬁltered upon arrival (0.45–0.22 μm depending on
TABLE 1 | Methane content and geochemical properties of groundwater samples collected from wells located in coal-rich sediments.
Water CH4-content pH- EC Na+ Cl− SO42− HCO3− Fe2+ Mn2+ NO3− NH4+ PO43− TIC NPOC
site [µM] value [µS/cm] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l]
Well 1 10.2 6.8 471 63.9 31.4 1.73 242 0.459 0.039 0.27 0.64 0.45 64 3.1
Well 2 24.2 6.9 691 111 34.8 1.04 398 0.282 0.056 0.09 0.66 0.56 100 4.9
Well 3 22.1 6.8 558 55.2 16.9 14.2 325 1.95 0.191 0.02 0.39 0.90 89 2.3
Well 4 37.5 7.3 616 90.7 27.3 0.54 359 0.302 0.034 0.03 0.66 0.49 90 4.1
Well 5 99.4 7.1 848 150 28.7 1.12 523 0.951 0.052 0.01 0.79 0.72 133 7.1
Well 6 51.0 7.2 699 131 27.8 0.84 417 0.364 0.053 0.02 0.72 0.69 108 6.1
Well 7 13.4 6.9 423 53.3 19.7 2.16 237 0.234 0.071 0.02 0.5 0.42 67 2.9
Well 8 71.3 7.1 742 169 21.2 0.95 456 0.299 0.011 0.03 0.6 1.29 117 11.4
Well 9 16.5 6.9 485 61.0 22.0 3.24 273 0.272 0.056 0.02 0.54 0.36 73 2.9
Well 10 24.9 7.3 551 81.5 29.8 0.87 304 0.124 0.056 0.04 0.57 0.52 82 4.6
EC, electrical conductivity; TIC, total inorganic carbon; NPOC, non purgeable organic carbon.
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the analysis) and stored at 4◦C or frozen (−20◦C) until further
analysis.
In addition, three coal-rich sediment samples were collected
from freshly mined heaps of brown coal (sample 1), air-dried coal
from the bottom of themine (sample 2) and coal slurry from awet
spot (sample 3). Collected groundwater and coal-rich sediment
samples were transferred into sterile glass bottles and immedi-
ately ﬂushed with N2. Directly after collection of groundwater
samples, pH, temperature, conductivity and salinity were deter-
mined. All samples were transported and stored at 4◦C for further
analyses.
Cultivation Methods
Anaerobic incubations were set up in an anaerobic cham-
ber. A ﬁrst set of incubations was established to determine
methanogenic and sulfate-reducing rates. Three g of sediment
(sediment microcosms) or 10 mL of groundwater (groundwater
microcosms) were transferred into autoclaved 19-mL Hungate
vials containing 5 mL of freshwater medium (Widdel and Bak,
1992) with 2 mM (in the case of the methanogenic micro-
cosms, to stimulate the ﬁrst biodegradation steps, according to
Zengler et al., 1999) or 10 mM sulfate (for the sulfate-reducing
ones). The glass vials were sealed with sterile butyl rubber stop-
pers and aluminum crimp caps. All tubes were ﬂushed with N2 to
remove traces of H2 from the anaerobic chamber.
To investigate methane production rates related to diﬀer-
ent methanogenic degradation pathways, cultures (three of
each) were amended with either acetate (10 mM), methanol
(0,5 mM) or a H2/CO2 mix (80/20%). Controls without any
added carbon source were incubated in parallel. Cultures with
2-bromoethanesulfonate (BES; 10 mM), a speciﬁc inhibitor for
methanogenic microorganisms, were included as well to account
for possible non-microbial methane emissions from the water
or sediment samples. Sulfate-reducing microcosms, containing
either lactate or acetate (10 mM of each) or without any addi-
tional substrate (three of each), were set up. In this case, cultures
with sodium azide (NaN3, 50mM), a strong microbial toxin, were
used as controls to show feasible degassing from non-microbial
origin.
All microcosms were incubated at 30◦C in the dark and
monthly sampled to assess methane and CO2 formation in
the headspace. Methane and CO2 production rates were cal-
culated by linear regression of each gas increased with incu-
bation time and expressed in μmol day−1 mL−1 groundwater
or μmol day−1 gDW−1 (dry weight) of sediment (Krüger et al.,
2001). Sulfate-reduction rates were followed via the production
of copper sulﬁde from dissolved sulﬁde (HS−), according to
Cord-Ruwisch (1985).
After 94 days of incubation, growing methanogenic cul-
tures (5 mL) were subsequently re-inoculated into fresh
medium and amended with 13C-labeled substrates ([13C16] n-
hexadecane, [13C7] toluene, [13C2] ethylbenzene, or 2-[13C]-
methylnaphthalene), to investigate the transformation of selected
hydrocarbons into methane and CO2. 13C-labeled or unla-
beled single substrates, n-hexadecane, ethylbenzene (both 0.1%
v/v), toluene or 2-methylnaphthalene (0.5 mg of each), were
added into the anaerobic enrichment cultures, containing 25 mL
fresh sterile medium and 5 mL transferred pre-culture from
groundwater or coal-rich sediment samples (as described pre-
viously) in 56-mL serum bottles. All labeled or unlabeled
hydrocarbons (ethylbenzene, toluene, and methylnaphthalene)
were from Campro Scientiﬁc GmbH (Germany), except the
U-13C-n-hexadecane, which was synthesized as described by
Feisthauer et al. (2010).
Analytical Methods
The elemental composition of 10 diﬀerent groundwater
samples was analyzed using an inductively coupled-plasma
mass-spectrometry instrument (ICP-MS ELAN 5000, Perkin
Elmer Sciex, USA; Dekov et al., 2007). Concentrations of
potassium, sodium, chloride, magnesium, calcium, sulfate,
bicarbonate, ferrous iron, manganese, aluminum, arsenic, borate,
barium, cadmium, chromium, lithium, nickel, lead, silica, and
strontium were measured. Anions (nitrite, nitrate, and phos-
phate) were determined by ion chromatography with a DX-500
ion chromatograph system (Dionex, Germany) and ammonium
was detected by ﬂow injection analysis according to DIN EN
ISO 11732. Total inorganic carbon (TIC) and dissolved organic
carbon (DOC; 0.45 μm ﬁltered) were measured using catalytic
high temperature combustion with a Shimadzu TOC-VCPN
carbon analyzer (Shimadzu, Japan).
Methane and CO2 concentrations from groundwater sam-
ples and from microcosms headspace were analyzed using a
methanizer-equipped gas chromatograph with ﬂame ionization
detector (GC-FID) ﬁtted with a 6′ Hayesep D column (SRI
8610C, SRI Instruments, USA) running isothermally at 60◦C,
after reduction of CO2 to methane. Carbon and hydrogen iso-
topic signatures from methane and carbon dioxide emanated
from the coal-rich sediment samples in the bottles were deter-
mined using a gas-chromatography-combustion-isotope ratio
mass spectrometry system (GC-C-IRM-MS), equipped with a
CP-pora BOND Q column coupled to a combustion or high
temperature pyrolysis interface (GC-combustion III or GC/C-
III/TC; Thermo Finnigan, Bremen, Germany) and a MAT 252
IRMS for the carbon analysis or a MAT 253 IRMS for the hydro-
gen analysis (both from Thermo Finnigan, Bremen, Germany;
Feisthauer et al., 2010; Herrmann et al., 2010). The carbon and
hydrogen isotopic compositions (R) are reported as delta nota-
tion (δ13C and δD) in parts per 1000 () relative to the Vienna
Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean
Water (VSMOW), respectively. The error associated with the sys-
tem (accuracy and reproducibility) was around 0.5 for carbon
and 4 for hydrogen.
Molecular Biological Methods
Quantification of Microorganisms in Environmental
Samples and Cultures
Total cell numbers were counted after staining with SYBR
Green II under the ﬂuorescence microscope as described by
Weinbauer et al. (1998).
Genomic DNA from the coal-rich sediments and from the
microcosms amended with hydrocarbons was extracted using
protocols from Lueders et al. (2004). Groundwater samples were
aseptically ﬁltered with membrane ﬁlters (0.22 μm; Whatman,
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General Electric Company, Munich, Germany) and DNA was
extracted from the ﬁlters according to Lueders et al. (2004).
16S rRNA gene copy numbers of Archaea and Bacteria
were determined as described previously (Takai and Horikoshi,
2000; Nadkarni et al., 2002) using the Q-PCR instrument ABI
Prism 7000 (Applied Biosystems, Life Technologies Corporation,
USA). In addition, Crenarchaeota were quantiﬁed according to
Ochsenreiter et al. (2003). Concentrations of methyl-coenzyme
M reductase subunit alpha gene (mcrA; using mlas and mcrA-
rev primers) and dsrA gene coding for the alpha subunit of the
dissimilatory (bi)sulﬁte reductase of sulfate-reducing prokary-
otes were determined according to Steinberg and Regan (2008,
2009) and Schippers and Neretin (2006). All Q-PCR reactions
were measured in three parallels and three dilutions, to account
for possible inhibitor eﬀects in the DNA extracts. To perform
Q-PCR quantiﬁcation, a StepOne detection system (StepOne ver-
sion 2.0, Applied Biosystems, USA) coupled with the StepOne
v2.1 software was used.
Terminal Restriction Fragment Length Polymorphism
For terminal restriction fragment length polymorphism
(T-RFLP) analysis, extracted DNA was used as template
for PCR ampliﬁcation of phosphoramidite ﬂuorochrome
5-carboxyﬂuorescein (FAM)-labeled amplicons. Ampliﬁcations
were generated with the use of the primer sets Ar109f and 912rt-
FAM, or Ba27f-FAM and 907r. To account for possible inhibitor
eﬀects in environmental DNA extracts, a dilution series of each
fresh extract was used. T-RFLP analysis of PCR products was
done using the restriction endonucleases TaqI (archaeal assay)
and MspI (bacterial assay), respectively. The procedure was
described by Pilloni et al. (2011). Capillary electrophoresis and
data collection were operated on an ABI 3730 Genetic Analyzer
(Applied Biosystems, USA). The electropherograms were pro-
cessed with sequence analysis software PeakScanner 1.0 and
GeneMapper 4.0 (Applied Biosystems, USA). T-RFLP histograms
were performed with the use of the T-REX online software using
the default settings (Culman et al., 2009). Terminal restriction
fragments were compared to theoretical predictions from 16S
rRNA gene sequences for a preliminary identiﬁcation of speciﬁc
groups of bacteria. The particular T-RF length represents the
most abundant microorganisms within the bacterial community.
Clone Libraries
Clone libraries were created using DNA extract from the orig-
inal coal-rich sediment samples and the derived microcosms
amended with hydrocarbons. 16S rRNA gene fragments were
ampliﬁed by PCR using the domain speciﬁc primer pairs 21f
(5′-TTC CGG TTG ATC CYG CCG GA) and 958r (5′-YCC
GGC GTT GAM TCC AAT T) for Archaea (DeLong, 1992),
and GM3f (5′-AGA GTT TGA TCM TGG C) and GM4r (5′-
TAC CTT GTT ACG ACT T) for Bacteria (Lane, 1991). Cloning
and sequencing of the archaeal and bacterial 16S rRNA ampli-
cons was performed byMicrosynth AG1 (Switzerland). Sequences
were assembled using the Geneious ProTM 5.3 software2. Prior
1www.microsynth.ch
2www.geneious.com
to phylogenetic analysis, vector sequences ﬂanking the 16S
rRNA gene inserts were removed. Chimeric sequences were
detected using the DECIPHER’s Find Chimeras online software
(Wright et al., 2012) from the University of Wisconsin Madison3
and were excluded from further analysis. Sequences were com-
pared to GenBank BLASTn algorithm from the National Center
for Biotechnology Information (Altschul et al., 1990)4 and the
Ribosomal Database Project Classiﬁer (Wang et al., 2007; RDP5)
to select closely related species. Sequences were aligned with
their nearest neighbors in the SSU dataset using SINA Alignment
Service6 (Pruesse et al., 2012).
Amplicon Pyrosequencing
Amplicon pyrosequencing of bacterial 16S rRNA genes was
performed on a 454 GS FLX Titanium system (Roche,
Penzberg, Germany) as reported by Pilloni et al. (2012). Brieﬂy,
bar-coded amplicons for multiplexing were prepared using
the primers Ba27f and Ba519r (for an easier linking of
observed TRFs to restriction sites predicted for assembled pyro-
tag contigs) and extended with the respective adapters, key
sequence and multiplex identiﬁers (MIDs) as recommended
by Roche. Pyrotag PCR was performed in a Mastercycler
ep gradient (Eppendorf, Hamburg, Germany) as described
in Pilloni et al. (2012), and amplicons were subsequently
puriﬁed.
Quality ﬁltering of the pyrosequencing reads was performed
using the automatic amplicon pipeline of the GS Run Processor
(Roche) with a modiﬁcation of the valley ﬁlter (vfScanAll-
Flows false instead of TiOnly) to extract sequences. Reads were
further trimmed using the TRIM function of GREENGENES
(DeSantis et al., 2006) with default settings, and those shorter
than 250 bp or with incorrect sequencing primers were excluded
from further analysis. Read aﬃliation was done for combined
forward and reverse reads for each library using the RDP clas-
siﬁer (Wang et al., 2007) with conﬁdence threshold set to 80%
(default).
Contigs for T-RF prediction of dominating amplicons were
assembled with using SEQMAN II software (DNAStar, Madison,
WI, USA), using forward- and reverse-reads, as described else-
where (Pilloni et al., 2012). Thresholds of read assembly into one
contig were set to at least 98% sequence similarity for a mini-
mum overlap of 50 bp. Contigs within one library with less than
20 reads and not at least one forward and one reverse read were
excluded from further analysis.
Cloning sequences and contigs originated from pyrosequenc-
ing were grouped into operational taxonomic units (OTUs) based
on a sequence similarity cutoﬀ of 97% (Yu et al., 2006) using
Mothur software7 (Schloss et al., 2009). One clone sequence from
each OTU having two or more representatives was submitted
to NCBI GenBank database (accession numbers KJ424433 to
KJ425107).
3http://decipher.cee.wisc.edu/FindChimeras.html
4http://blast.ncbi.nlm.nih.gov/Blast.cgi
5http://rdp.cme.msu.edu/classiﬁer/classiﬁer.jsp
6www.arb-silva.de/aligner/
7www.mothur.org
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Results
Occurrence of Biogenic Methane in
Groundwater and Sediments
The high TIC content in all groundwater samples, demonstrated
the presence of active CO2-releasing microbial metabolization
processes (Table 1). Dissolved CH4 concentrations ranged from
10 μM in well 1–100 μM in well 5 (Table 1).
Dissolved methane and CO2 exhibited light carbon isotopic
signatures, with δ13C values ranging from -71 to −80 and -14
to -20 relative to VPDB, respectively (Table 1). These values
are on the lower range of previously reported δ13C signatures
for coalbed methane (-80 to -17) and CO2 (-27 to+19) as
compiled by Rice (1993), and are compatible with a biogenic
origin of the methane (Figure 1A). The isotopic composition of
FIGURE 1 | Genetic diagrams for gasses of different samples: carbon
isotopic composition of natural methane and CO2 in groundwater
samples from deep aquifers of coal-rich sedimentary basin and
sediments (A). Hydrogen vs. carbon isotopic composition of methane
(δ13CCH4 and δDCH4) of natural methane in groundwater samples (B). Zoning
after Schoell (1980, 1983) and Whiticar et al. (1986). VPDB, Vienna PeeDee
Belemnite; SMOW, Standard Mean Ocean Water.
methane hydrogen δD-CH4 was highly variable but relatively
light, ranging from -234 (well 3) to -376 (well 7), consis-
tent with either CO2 reduction or bacterial methyl-type fer-
mentation (Figure 1B; Schoell, 1980, 1983; Whiticar et al., 1986;
Whiticar, 1999).
Similarly, C isotopic composition of natural gas collected from
coall-rich sediments was light, with δ13C-CH4-values of -70.8
(sediment 1), -72.3 (sediment 2) and -63.4 (sediment 3), and
δ13C-CO2-values of -16.8, -15.6, and - 24.1, respectively. These
signatures were consistent with a biogenic origin as well, either
by CO2 reduction (sediments 1 and 2) or acetate fermentation
(sediment 3; Figure 1A).
In vitro Methanogenic and Sulfate Reduction
Rates
Groundwater and coal-rich sediment samples were incubated
under methanogenic conditions for 94 days. Methane produc-
tion rates were≤0.5 nmol CH4 day−1 mL−1 and≤0.6 nmol CH4
day−1 g−1, in the case of the water samples or sediments, respec-
tively (Figure 2). Conversely, no methane increase was detected
in cultures of samples from wells 5 and 9, and BES and sodium
azide-amended cultures (data not shown).
All groundwater cultures exhibited methane production
when simple methanogenic substrates were added (Figure 2A).
Potential rates of CH4 production in acetate-amended ground-
water cultures were between 0.1 and 2.87 nmol CH4 day−1 mL−1
(1.3–14 times higher than those of the non-amended controls).
In methanol amended groundwater microcosms the rates were
generally higher (increasing up to 44-fold compared to the non-
amended controls), particularly in microcosms from wells 2,
3, 4, 6, and 8 (2.27–8.86 nmol CH4 day−1 mL−1). However,
the highest methanogenic rates (up to 149 nmol CH4 day−1
mL−1) were detected in microcosms were H2 and CO2 had
been added, increasing up to 1500 times in microcosms from
well 10.
Acetate addition enhanced methane production (up to sev-
enfold) in microcosms with sediments 2 or 3 (4.6, and
1.1 nmol CH4 day−1 g−1 on average, respectively; Figure 2B).
H2 and CO2 stimulated methane production only in micro-
cosms with sediment 2. Among the hydrocarbon-amended
microcosms, only those inoculated with sediments 1 or 2
and amended with n-hexadecane showed signiﬁcantly increased
methane production. The rates ranged from 8.7 ± 1.0
nmol CH4 day−1 mL−1 (sediment 2) to 16.4 ± 0.5 nmol
CH4 day−1 mL−1 (sediment 1). The values for the non-
inoculated cultures varied between 0.13 and 0.23 nmol CH4
day−1 mL−1.
Sulfate reduction rates varied between 1 and 60 nmol H2S
produced mL−1 d−1 in the groundwater microcosms with no
additional substrate. Lactate addition signiﬁcantly accelerated
sulfate reduction (up to 20-fold) in almost all groundwater cul-
tures (rates from 0.4 to 0.6 μmol H2S mL−1 d−1). On the other
hand, inocula from wells 3, 4, and 5 did not exhibit any sul-
fate reduction, even when lactate was added. Sulfate reduction in
sediment cultures was only detectable in microcosms from sedi-
ment 3 amended with lactate (being 0.5 μmol H2S mL−1 d−1 on
average).
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FIGURE 2 | Methane production rates from cultured groundwater
samples from wells 1 to 10 amended without any additional
substrate, or with either acetate, a mixture of H2 and CO2 or
methanol (A), and from sediments 1–3 without any substrate
added or amended with either acetate, or a mixture of H2 and
CO2 (B). Notice the different scale of the Y axis. The error bars
represent the SD of three replicates. All cultures were incubated at 30◦C
for 73 days.
Quantification of Microbial Groups
The total number of cells in the groundwater samples, deter-
mined by direct count of SYBR Green-stained cells, was around
107 cells mL−1 in samples 4, 5, and 10. Groundwater sample
3 showed the lowest numbers (104 cells mL−1). Groundwater
samples 1, 2, 6, 7, 8, and 9 had on the order of 106 cells mL−1
(ranging from 2 to 9 × 106).
The abundance of selected microbial groups in the coal-rich
sediment samples was determined via quantitative (real time)
PCR (Q-PCR; Figure 3). Average bacterial numbers ranged
between 2 × 109 and 1 × 1010 16S rRNA gene copies g−1.
However, archaeal numbers were much lower, in a range of
106 copies g−1. Crenarchaeota were found in all three sam-
ples in nearly similar 16S rRNA gene copy numbers (6 × 106,
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FIGURE 3 | Abundance of Bacteria, Archaea, Crenarchaeota, sulfate-reducing prokaryotes (dsrA) and methanogens (mcrA) in coal-rich sediment
samples and their derived n-hexadecane-amended enrichment cultures, as determined by quantitative PCR. The error bars represent the SD of three
replicates.
8 × 106, and 1 × 106 copies g−1 in sediment sample 1, 2, and
3, respectively). However, only 104–105 16S rRNA gene copies
g−1 were retrieved using the primer set by Takai and Horikoshi
(2000).
The quantitative detection of the dissimilatory sulﬁte reduc-
tase gene (dsrA) revealed sulfate-reducing prokaryotes in the
range of 2 × 106 (sediment 3) and 1 × 107 copies g−1
in sediments 1 and 2. The abundance of methyl-coenzyme
M reductase genes (mcrA) was between 1 and 2 × 105
copies g−1.
The proportion of Archaea, methanogens and sulfate-
reducers vs. Bacteria increased drastically in enrichment cul-
tures amended with n-hexadecane, compared to the origi-
nal sediments (Figure 3). Conversely, within the Archaea, the
proportion of Crenarchaeota was lower in the n-hexadecane
cultures.
Phylogenetic Analysis of the Microbial
Communities Composition
The diversity of the microbial communities in all environmen-
tal samples and n-hexadecane enrichment cultures was analyzed
and compared using T-RFLP (Figures 4 and 5). Additionally, to
identify the main fragments, clone libraries of the archaeal com-
munities and pyrosequencing of the bacterial communities of
selected sediment samples were performed, the results are shown
inTables 2 and 3, respectively. Because sediment sampling points
were quite closely located, DNA for all three was pooled and
subsequently analyzed.
Bacterial Communities
Terminal restriction fragment length polymorphism proﬁles
of the three diﬀerent coal-rich sediment samples exhibited
only few T-RF (Figure 4), reﬂecting the predominance of
a small number of taxa. The most signiﬁcant peaks were
476-bp T-RF, corresponding to the epsilonproteobacterium
Arcobacter; 488-bp T-RF, belonging to Acidovorax, and
492-bp T-RF, which matched with Pseudomonas sp. and
Acinetobacter (Pseudomonadales), and several Betaproteobacteria
aﬃliated to Oxalobacteraceae, Comamonadaceae and
Methylophilaceae. Minor peaks corresponded to the genera
Sulfurospirillum (468-bp T-RF) and Arthrobacter sp. (161-bp
T-RF).
5176 sequences were retrieved from the pyrosequencing
analysis of sediment samples. The majority of these pyrose-
quences corresponded to representatives of Actinobacteria
(52.5%), mostly Arthrobacter (52.4%); Gammaproteobacteria
(18.8%), most of them belonging to Pseudomonas (18.2%);
Betaproteobacteria (16.1%), represented by members of the
Oxalobacteraceae (like Massilia), Comamonadaceae (mainly of
genera Acidivorax or Albidiferax, 5.9%) and Methylophilaceae
(e.g., genus Methylotenera, 2.3%) families; Epsilonproteobacteria
(8.4%), mainly Arcobacter spp. (7.4%) and Sulfurospirillum.
According to the TRFL-P proﬁles, bacterial communities from
n-hexadecane amended sediment-derived cultures (Figure 3)
were more diverse (i.e., presented several predominant peaks),
which was also conﬁrmed by pyrosequencing (Table 2), and
more similar to groundwater rather than coal-sediment samples.
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FIGURE 4 | Heatmap showing the T-RF found in Bacterial 16S
rRNA gene T-RFLP fingerprints from different groundwater
samples collected from deep aquifers of coal-rich sedimentary
basin, coal-rich sediment samples, and the derived enrichment
cultures amended with n-hexadecane. The gray scale indicates the
relative abundance of each fragment. Only values above 1% are given.
*The abundance of this peak equals the maximum abundance for the
sample.
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FIGURE 5 | Heatmap showing the T-RF found in Archaeal 16S rRNA gene
T-RFLP fingerprints from different groundwater samples collected from
deep aquifers of coal-rich sedimentary basin, coal-rich sediment
samples, and the derived enrichment cultures amended with
n-hexadecane. The gray scale indicates the relative abundance of each
fragment. Only values above 1% are given.
Most of the identiﬁed phylotypes belonged to Proteobacteria,
followed by members of Actinobacteria, Anaerolineae, and
Clostridia. In addition, there was a shift of the bacterial domi-
nance toward the Deltaproteobacteria, mainly Desulfobacterales
(like Desulforhopalus or Desulfatiferula), Desulfuromonadales
(belonging to Geobacteraceae) and Syntrophobacterales
(Desulfomonile and Smithella), and the Anaerolineae. The
remaining sequences fell in the classes of Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Clostridia (e.g.,
Bacillus and Paenibacillus) and Actinobacteria (e.g., Arthrobacter,
Micrococcus, Nocardioides andMarmoricola Table 2).
T-RFLP patterns of groundwater samples were highly vari-
able, but most of them presented only a few predominant
peaks (Figure 4). Dominant T-RFs were coincident to those
from sediment samples: 161-bp T-RF (Arthrobacter) 468-
bp T-RF (Sulfurospirillum), 475-bp T-RF (Arcobacter), and
492-bp T-RF (assigned to several Gammaproteobacteria and
Betaproteobacteria, as already stated). Another genus abundant
in well 3, was Desulfatiferula (Deltaproteobacteria), correspond-
ing to the 517-bp T-RF. In addition the community presented
diﬀerent fragments, which could not be identiﬁed (Figure 4).
Archaeal Communities
The phylogenetic analysis of archaeal 16S rRNA gene fragments
(Table 3; Figure 4) conﬁrmed the presence of methanogenic
Archaea in the coal-rich sediment samples, mainlyMethanosaeta
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TABLE 3 | Phylogenetic affiliation of clone sequences produced via clone libraries of archaeal 16S rRNA gene fragments retrieved from DNA extracted
from unamended ligniteous coal-rich sediment and derived enrichment cultures (after 17 months of incubation) amended with n-hexadecane.
RDP Classifier with confidence threshold of 80% T-RFs
[bp]
Original
sediment
samples (pool)
Enrichment cultures
Sediment 1 Sediment 2 Sediment 3
Phylum Class Order Main
genus/genera
No of
sequence
% No of
sequence
% No of
sequence
% No of
sequence
%
Euryarchaeota Methanomicrobia Methanosarcinales Methanosaeta 282 1 1 - - - - - -
Methanosarcina 183 1 1 - - - - - -
Methanomethylovorans 790,
831
1 1 - - 2 2 - -
Unclassified 22 23 - - - - - -
Methanomicrobiales Methanoregula 392 - - - - 2 2
Unclassified 3 3 - - - - - -
Crenarchaeota Thermoprotei Unclassified 44 46 87 95 92 97 37 39
Unclassified 24 25 5 5 1 1 56 59
Total 96 100 92 100 95 100 95 100
A total of 96 sequences (coal-rich sediments), 92 sequences (enrichment culture 1) and 95 sequences (enrichment cultures 2 and 3) were included in this calculation.
Numbers in cursive characters show accordance with dominant peaks in the T-RFLP fingerprint plots (Figure 5).
sp. (24%), but also Methanosarcina (1%; 183-bp T-RF) and
Methanomethylovorans (1%; 790-bp T-RF). Furthermore, 46% of
sequences were aﬃliated to unclassiﬁed Thermoprotei within the
phylum Crenarchaeota.
The majority of the generated sequences from enrichment cul-
tures belonged to unclassiﬁed Thermoprotei (Table 3; Figure 5)
or methanogenic Archaea, like Methanomethylovorans (790-
bp T-RF, abundant in enrichment culture 2) or phylotypes
closely related to Methanosaeta concilii (282-bp T-RF) and
Methanoregula formicicum (392-bp T-RF). Archaeal community
diversity was lower than bacterial diversity in all groundwa-
ter samples. Only the T-RFLP ﬁngerprints of wells 2 and 3
presented more than one T-RF peak (Figure 5), correspond-
ing to genera Methanosarcina (183-bp T-RFs), Methanosaeta
(282-bp T-RFs), and Methanoregula (392-bp T-RFs). Most of
the 16S rRNA gene sequences were related to members of
the class Methanomicrobia (Euryarchaeota) and unclassiﬁed
Thermoprotei. In addition, two dominant peaks (227-bp T-
RF, present in wells 2 and 3, and 87-bp T-RF could not be
assigned.
Discussion
Groundwater and coal-rich sediment samples were investigated
to assess the ability of subsurface microbial communities to pro-
duce methane from coal-related hydrocarbons. Both water and
sediments showed evidence for biological activity, particularly
for methanogenic processes, as reﬂected in the high concentra-
tions of DOC and on the biogenic isotopic signatures of methane
and CO2. This activity was consistent with the presence of suﬃ-
cient amounts of N and P, trace elements and electron acceptors
to support microbial growth and potentially stimulate the initial
steps of hydrocarbon degradation, which could eventually lead to
methane production.
Putative Hydrocarbon Degrading
Microorganisms in Lignite-Bearing
Sediments and Associated Waters
To identify the microorganisms responsible for the degrada-
tion of complex organic matter of ligniteous coals to substrates
for methanogenesis, microbial communities from groundwater
and sediment samples were studied using T-RFLP ﬁngerprinting
combined with pyrosequencing of 16S rRNA gene fragments.
Microbial communities in groundwater and coal-rich sed-
iments were dominated by putative hydrocarbon-degrading
taxa aﬃliated to Actinobacteria (such as Arthrobacter) and
Proteobacteria, mostly Gammaproteobacteria belonging to
Pseudomonadales, and Betaproteobacteria, including Acidovorax,
Burkholderia, Polaromonas, Geofuchsia, and Ralstonia (Figure 4;
Table 2). Many of these have been frequently found in
other coalbed reservoirs (Shimizu et al., 2007; Li et al., 2008;
Penner et al., 2010), associated waters (Lemay and Konhauser,
2006; Midgley et al., 2010; Penner et al., 2010), and other
hydrocarbon-rich environments like petroleum reservoirs
(Li et al., 2007; Tang et al., 2012) or petroleum-contaminated
soils or sediments (Reisfeld et al., 1972), and are known to
degrade a variety of hydrocarbon and related substituted
molecules (Parales, 2010).
Within the hydrocarbon degrading microorganisms were
nitrate reducers related to Pseudomonas, Acinetobacter,
Arcobacter, Arthrobacter, and Geofuchsia. This was consis-
tent with the nitrate content, the absence of oxygen and with the
close association of groundwater to coal-rich sediments, where
diﬀerent hydrocarbons are available as substrate for microbes.
Pseudomonas species are often capable to degrade alkane,
alkene− and polycyclic aromatic hydrocarbons (Rockne et al.,
2000). Acinetobacter strains have been shown to be able
to eﬃciently degrade short- and long-chain linear alkanes,
isoalkanes and various aromatic compounds (Mbadinga et al.,
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2011; Li et al., 2012). Arthrobacter species are gram-negative soil
Actinomycetes, able to degrade cellulose and other polysaccha-
rides (Li et al., 2008), as well as polycyclic aromatic hydrocarbons
(Kallimanis et al., 2009). Arthrobacter sp. may play an impor-
tant role in biodegradation of coal-associated hydrocarbon
compounds at the coal-water boundary layer within the sites
investigated here. Georgfuchsia toluolica degrades BTEX com-
pounds using nitrate, Fe(III) or Mn(IV) as electron acceptor
(Weelink et al., 2009).
Hydrocarbon-degrading sulfate reducers were identiﬁed as
well. For example, Desulfatiferula sp. was exclusively found in
groundwater sample 3 where the sulfate concentration was higher
than in the other groundwater samples. Desulfatiferula olefinivo-
rans, a mesophilic sulfate-reducing bacterium isolated from oil-
polluted sediment, exclusively oxidizes long-chain alkenes and
fatty acids incompletely to acetate, using only sulfate as electron
acceptor (Cravo-Laureau et al., 2007).
All these hydrocarbon-degrading microorganisms may be
involved in the initial breakdown of coal and its transforma-
tion into more labile compounds which might be further used
by the reminder of the microbial community. In this respect,
Pseudomonadales are considered to play an important role in the
degradation of organic matter of lignite and sub-bituminous coals
(Machnikowska et al., 2002; Jones et al., 2010).
Other taxa, such as the genera Acidovorax, Arcobacter, or
Methylotenera, have been previously found in petroleum and
coal-related environments (Voordouw et al., 1996; Li et al., 2008;
Midgley et al., 2010; Penner et al., 2010; Liu and Liu, 2013). So
they might also be related to hydrocarbon biodegradation.
Methylotenera spp., for example, utilizes fermentation products
(Kalyuzhnaya et al., 2006).
The identiﬁcation of aerobic or facultative denitrifying
together with sulfate- and iron-reducing hydrocarbon-degrading
microorganisms suggests a high metabolic versatility of the
microbial community, which thus could easily respond to
changes in the availability of electron acceptors, and continue
to degrade coal regardless of the electron acceptor available. The
presence of relatives of the Sulfurospirillum spp. and Arcobacter
spp. points to an important role of sulfur and nitrogen cycling.
Some Arcobacter species are able to reduce nitrate and oxi-
dize sulﬁde, while Sulfurospirillum species have extremely diverse
metabolic features and possibly reduce sulfur as well as oxidize
nitrite (Tang et al., 2012).
Interestingly, a high abundance of 16S rRNA gene sequences
aﬃliated to the unclassiﬁed Thermoprotei (within the phylum
Crenarchaeota) was found in all coal-rich sediment samples.
Kemnitz et al. (2007) showed that Crenarchaeota are ubiqui-
tous and commonly found in low temperature environments.
However, little is known about their physiological charac-
teristics and their ecological importance, because the major-
ity of this group of microorganisms has not been culti-
vated yet. Nevertheless, recently, relatives of hyperthermophilic
Thermoprotei were detected in production waters from high-
temperature petroleum reservoirs in China (e.g., Li et al., 2007;
Ren et al., 2011; Tang et al., 2012), which suggests a capability of
hydrocarbon degradation or a close contribution to the degrada-
tion process.
The microbial community identiﬁed in the groundwater
samples contains a broad spectrum of putative hydrocarbon
degraders, able to degrade complex organic compounds such
as long-chain alkenes, polycyclic aromatic hydrocarbons, BTEX,
and other coal-associated compounds (e.g., fatty acids) to
lower molecular weight compounds which are utilizable by
methanogens.
Hydrocarbon and Low Molecular Weight
Organic Acid Degradation in Enrichment
Cultures
To demonstrate microbial growth and conversion of coal-rich
sediments or hydrocarbons to methane and carbon dioxide by
coal-associated communities, enrichment cultures amended with
hydrocarbon substrates or original coal as sole carbon and energy
source were investigated. According to Orem et al. (2010), alka-
nes are among the primary intermediates in the biodegradation
pathway from coal-derived geopolymers. We assume that the
enriched microorganisms directly involved in this process, with
diﬀerent degradation steps performed by speciﬁcally adapted
microbial groups, are also active in their native coal-associated
environments.
Microbial communities from n-hexadecane enrichment cul-
tures consisted predominantly of deltaproteobacteria syn-
trophic and sulfate-reducing taxa belonging to Desulfobacterales,
Desulfuromonadales, Desulfovibrionales, and Syntrophobacterales
known for their ability to degrade long-chain fatty acids
(Sousa et al., 2009), correlating well with the detection of high
amounts of dsrA genes via Q-PCR. In a previous study we
observed that the addition of electron acceptors such as man-
ganese, ferric iron or low concentrations of sulfate (below
5 mM), can accelerate n-hexadecane-dependent methanogene-
sis (Siegert et al., 2011). On the other hand, Thermoprotei were
highly enriched in these n-hexadecane-amended cultures, which
reinforces the hypothesis of their contribution in the biodegrada-
tion of hydrocarbons.
In the present study, n-hexadecane proved to be a good
methanogenic substrate for the lignite-rich sediment-associated
microbial community. However, it did not stimulate methano-
genesis in groundwater inoculated microcosms, unlike acetate,
methanol or CO2 and H2. Therefore, it seems likely that there
is an inﬂow of low-molecular-weight organic acids (LMWOA)
and other fermentation products from the underlying lignite-rich
sediments into the coal-associated aquifer.
Vieth et al. (2008) demonstrated that some LMWOA, such
as acetate, formate, and oxalate, could be released from low
rank ligniteous coals into surrounding water, providing a car-
bon source for the associated microbiota. This process depends
on the organic matter and maturity of the coal material. Their
study also showed that the water soluble acids were trans-
ported by diﬀusion and/or advection from the coal layers
to the adjacent carrier lithologies to support the deep bio-
sphere (Vieth et al., 2008). According to Bergmann (1999) lignite
seams are the main source of organic carbon in the aquifers.
Available LMWOA in subsurface aquatic systems have the
potential for providing a suﬃcient energy source for micro-
bial life, especially for methanogenic activity (Vieth et al., 2008).
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Moreover, LMWOA could also be produced by microbial
degradation of organic carbon material from low rank coals
(Laborda et al., 1997; Fakoussa and Hofrichter, 1999). Further,
several studies demonstrated that the natural microbial activity
was stimulated at lignite-rich/sediment interfaces (Ulrich et al.,
1998) and at the interface between aquifer and lignite seam
(Detmers et al., 2001). Both studies concluded that microbial
fermentation of organic matter in lignite-rich sediments pro-
vides LMWOA, which in turn feed the sulfate-reducing bacte-
ria.
Because of the high similarity of the microbial communities in
both geosystems, we suppose that not only LMWOA but also the
indigenous microbes of coal seam layers were leached out into
the groundwater and thus aﬀected the microbial groundwater
community.
CO2 Reduction as Prevailing Methanogenic
Pathway in Groundwater
Methanogenic Archaea were predominant in both groundwater
and sediment samples, which was consistent with the occur-
rence of biogenic methane. In both cases, the methanogenic
community included putative acetoclastic, hydrogenotrophic and
methylotrophic methanogens closely related to Methanosarcina
horonobensis, Methanosaeta concilii, and Methanoregula formi-
cicum. Sediment samples contained Methanomethylovorans sp.
as well.
Related taxa had previously been found in other coal-related
locations, such as coalbed wells from the Fort Union Formation
in the Powder River Basin (Green et al., 2008) or a deep coal seam
in northern Japan (Shimizu et al., 2007), and on methanogenic
enrichment cultures of samples from abandoned coal mines
(Beckmann et al., 2011b).
Methanoregula formicicum, detected in nearly all groundwater
samples, is able to use formate or H2 and CO2 as substrates for
growth (Yashiro et al., 2011).
Relatives of Methanomethylovorans, described by
Lomans et al. (1999) and Jiang et al. (2005), utilize methanol,
methylated amines, dimethyl sulﬁde and methane-thiol for
methanogenic activity, and have been found in eutrophic
fresh water sediments (Lomans et al., 1999), rice ﬁeld soils
(Lueders et al., 2001) and oil contaminated groundwater
(Watanabe et al., 2002)
Methanosarcina sp. and Methanosaeta sp. are the only two
known genera which can utilize acetate as a substrate for
methanogenesis. The genus Methanosaeta has traditionally been
considered to exclusively use acetate as sole source for energy
or as substrate for methanogenesis (Patel and Sprott, 1990),
as it is unable to use H2 or formate as electron donors
for methane production from CO2. However, in a recent
study, Rotaru et al. (2014) demonstrated that at least some
Methanosaeta species are capable of accepting electrons from
other microorganisms for CO2 reduction. In this respect, the car-
bon isotopic composition (δ13C) of methane and CO2 (Figure 1)
indicated a dominance of methanogenic CO2 reduction in
most of the groundwater wells, including 2 and 3, suggesting
that Methanosaeta could also take part in this methanogenic
process.
Methanosarcina sp. dominated in samples from well 9, where
according to its isotopic composition methane could have a
mixed or acetoclastic origin. Methanosarcina horonobensis, iso-
lated from deep subsurface groundwater of a mudstone forma-
tion, is able tometabolize methanol, methylated compounds (e.g.,
di- and trimethylamine, dimethylsulﬁde) or acetate as sole energy
source (Shimizu et al., 2011). Mixed or acetoclastic methane was
also observed in samples 7 and 10 and in other coal seams char-
acterized by the movement of meteoric water containing nutri-
ents and microbiota (e.g., Flores et al., 2008; Klein et al., 2008).
Nevertheless, these samples exhibited a higher methane produc-
tion potential in enrichment cultures where a mixture of H2 and
CO2 was added. Conversely, the sediment enrichment cultures
predominantly produced methane from acetate. H2 and CO2 did
either not enhance methanogenesis or the eﬀect was lower, par-
alleling previous results by Krüger et al. (2008) and Green et al.
(2008). Krüger et al. (2008) suggested that acetate would be a cen-
tral intermediate in the transformation of coal to methane. In
summary, the methanogens found in our study seemed to be
adapted to their local environmental conditions.
Methanogenic archaeal communities (including
Methanomethylovorans sp. and phylotypes closely related to
Methanosaeta concilii and Methanoregula formicicum) together
with their syntrophic bacterial partners and unclassiﬁed
Crenarchaeota were successfully enriched in cultures amended
with n-hexadecane as sole source of carbon and energy, as
reﬂected in the increase of the proportion of the archaeal,
crenarchaeal, methanogenic, and sulfate-reducing populations
(Figure 3). These enrichments were able to produce methane,
which proves that microbial communities inhabiting the coal-
rich sediments can convert n-hexadecane, an intermediate
of coal biodegradation (Orem et al., 2010), to methane. The
predominance of one or another methanogenic pathway must be
site-dependent and can be inﬂuenced by a variety of factors, such
as temperature, changes on the availability of electron acceptors,
etc. leading to the formation of a highly adapted microbial
community, in which acetoclastic as well as hydrogenotrophic
methanogens are abundant.
Conclusions
The investigated coal-rich sediments in contact with groundwa-
ter provide an important source of organic material and electron
acceptors for microbial life in the subsurface biosphere. This
organic material possibly includes low-molecular-weight organic
acids derived from coal biodegradation. They were then partly
transferred into the coal-associated aquifer system by circulating
natural meteoric waters. The detected fermenting and sulfate-
reducing bacterial consortia are able to degrade complex organic
material from coal to lower molecular weight compounds which
consequently directly inﬂuence the microbial interactions in the
groundwater system. The resulting end products, like H2 or
small organic acids, are potential substrates for methanogenic
archaea. The identiﬁed methanogenic archaea point to the
simultaneous occurrence of both methanogenic pathways,
although hydrogenotrophic methanogenesis seemed to dominate
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in groundwaters. This assumption was supported by δ13CCH4-
and δDCH4-values, of a respective microbial origin, in coal-rich
sediment and groundwater samples.
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